Abstract Gene expression analyses using native populations can contribute to the understanding of plant development and adaptation in multiple ways. These include the identification of candidate genes and genetic polymorphisms affecting expression and phenotypic traits and characterization of transcriptional networks. We analyzed the expression of 111 genes with probable roles in xylem/wood development in a population of loblolly pine (Pinus taeda L.) covering much of the natural range. Loblolly pine is one of the most commercially important forest tree species in the United States, and the discovery of genes and alleles contributing to desirable wood properties would be valuable. Of the 111 genes analyzed using quantitative reverse transcriptionpolymerase chain reaction, there were significant differences in gene expression between clones for 106 genes.
Introduction
Differences in gene expression play a significant role in phenotypic variation within and among species. Within a species, expression levels vary not only among cell types within an individual but also among individuals (Storey et al. 2007 ). Natural variation is caused by spontaneous mutations that have been maintained by selection (Alonso-Blanco et al. 2009 ). Intraspecific variation in expression may be due to mutations in promoter or enhancer regions or in transcription factors or other genes in the signal transduction cascade. Expression differences between individuals can be particularly interesting when
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looking at a species found in its native habitat and adapted to a variety of environmental conditions. The study of gene expression in natural populations also has a great potential for understanding molecular population genetics and evolution (Townsend et al. 2003) . The analyses of natural variation in crop plants and Arabidopsis thaliana have provided information on the genetic and molecular mechanisms that determine intraspecific variation and help us to understand the molecular bases of phenotypic differences that help in their adaptation (Mitchell-Olds et al. 2007) .
Loblolly pine (Pinus taeda L.) is a species native to the southeastern United States and has considerable variation in traits of economic importance, including those involved in wood properties. Wood properties are determined by the activity of the genes and proteins expressed during xylogenesis, and variation in wood properties is partially due to the regulation of these genes in response to developmental and environmental cues (Whetten et al. 2001 ). There is a great deal of interest in the identification of genes or alleles controlling wood/xylem development as wood is a major source of terrestrial biomass and is an economically important plant tissue (Plomion et al. 2001) . Genes that are of particular interest are those that affect wood properties such as cell wall thickness, wood-specific gravity, microfibril angle, fiber length, lumen diameter, and chemical composition of major cell wall components such as cellulose, lignin, and hemicelluloses. These genes are potential targets for modification of wood properties through breeding or genetic engineering .
We are using gene expression analyses to try to identify genes and alleles controlling xylem development and to better understand the natural genetic variation in wood characteristics. There is abundant evidence for differential expression of genes involved in wood/xylem development among tissues (Loopstra and Sederoff 1995; Allona et al. 1998; Zhang et al. 2000; Yang et al. 2004; 2005) . However, very little work has been done to examine differential expression among individuals . In this article, we present our work to determine how gene expression differs between genotypes in a natural population of loblolly pine using a population of 400 clones (unique genotypes) representing much of the natural range (Fig. 1) . Loblolly pine is commercially the most important forest tree species in the southern United States, growing on approximately 29 million acres through 14 states from southern New Jersey south to central Florida and west to Texas. It is a model system to study xylogenesis in a gymnosperm (Sederoff et al. 1994) . To better understand the molecular basis of xylogenesis and variation in gene expression, quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis was performed on 111 genes with probable roles in xylem development. To the best of our knowledge, there is no comparable data set for any other plant species.
Extensive research has been done to infer gene regulatory networks (GRNs) from expression data obtained from microarrays (Friedman 2004; Nachman et al. 2004; Basso et al. 2005; Bansal et al. 2007 ). Bansal et al. (2007) reviewed various approaches to infer GRNs using gene expression data through reverse engineering networks, including Bayesian networks. We used Bayesian networks to infer GRNs from our qRT-PCR gene expression data. Fig. 1 The natural range of loblolly pine (http://esp.cr.usgs. gov/data/atlas/little/; Little 1971) . Tree markers indicate the counties from which the parent trees were collected for the population. The natural range was divided into five regions based on distance from the Atlantic and Gulf Coasts and direction from the Mississippi River Genes interconnected in GRNs suggest that one gene regulates the transcription of another directly or indirectly. Therefore, GRNs can be used to suggest functional and regulatory roles to poorly characterized genes (Needham et al. 2009 ). Association studies and promoter cloning are being conducted to understand how these gene expression differences are associated with specific genetic polymorphisms. The gene expression and association studies will contribute to our understanding of the molecular mechanisms that control formation of wood.
Results

Variation in gene expression
The genes analyzed in this project were primarily selected based on a review of the literature related to xylem development in woody and nonwoody species. Additional genes were included based on prior results from our laboratory. The genes selected for expression analyses are listed in Table 1 . The justification for the selection of these genes is given in the supplemental materials (Supplemental text, Supplemental Table 1) .
Gene expression values (Cycle threshold, or Ct) for 111 genes known or hypothesized to be involved in wood development were collected from 400 clones of loblolly pine using qRT-PCR (Table 2) . Of the 111 genes analyzed, statistically significant differences among clones were observed for 106 genes. The differences between the clone with the lowest expression and that with the highest expression ranged from 2.1 cycles (4.3-fold) for Hap5a to 8.5 cycles (362-fold) for XET3. The average difference between low-and high-expressing clones for all genes was 4.4 cycles (20.8-fold). The genes showed normal distributions in their expression patterns among the clones. Figure 2 shows the distribution and range of ΔΔCt values for different clones across the population. As we expected, most of the clones fall in a narrower range of expression. Eighty-five of 111 genes had at least 75% of clones falling within one cycle higher or lower than the average ΔΔCt value (a 4-fold range). However, there were two genes, XET2 and MADS, where less than half of the clones had expression values within this window. We also observed differences between categories of genes. The average difference between the lowest and highest expressing clones for the 19 lignin biosynthesis genes (including laccases) was 5.3 cycles (38.6-fold); for the 14 cellulose synthase and related genes, it was 3.4 cycles (10.6-fold); for the cell wall protein (AGPs/PRP/GRP) genes, it was 5.2 cycles (35.8-fold); and for 29 genes involved in signal transduction, it was 3.8 cycles (13.9-fold). On average, 24% and 27% of the 400 clones were not within a twocycle (4-fold) window for genes encoding proteins involved in lignin biosynthesis and cell wall proteins, respectively. Only 7.4% and 14.5% of clones were not 12OPR 12-OXO-phosphodiennoate reductase; AdeKin adenylate kinase; AdoMet 1-2 adoMet synthetase 1-2; AIP ARG10-glutamine amidotransferase class II protein; APL altered phloem development; ARF11 auxin response factor 11; BKACPS β-ketoacyl-ACP synthetase I-2; BQR 1,4-benzoquinone reductase; EndChi endo chitinase; GMP1-2 GDP-mannose pyrophosphorylase 1-2; GRP glycine-rich protein; HSP82 heat shock protein 82; Lac1-8 laccases 1-8; LZP leucine zipper protein; MADS MADS box protein AGL2; MIPS myo-inositol-1-phosphate synthase; MOR1 microtubule organization1; NST1 NAC secondary wall-thickening promoting factor 1; PCBER phenylcoumaran benzylic ether reductase; PLR pinoresinol-lariciresinol reductase; PRP proline rich protein; prxC2 horseradish peroxidase C2; PutAMS putative ABA-induced plasma membrane protein: RIC1 ROP-interactive crib motif-containing protein 1; RP-L2 ribosomal protein L2; SND1 secondary wall-associated NAC domain protein 1; SPL secretory protein; UGT UDP-glucosyl transferase; UGrT UDP-glucuronosyl transferase; UGP UDP-glucose pyrophosphorylase; XGFT7 xyloglucan fucosyltransferase7; XET1,2,3 xyloglucan endotransglycosylase 1, 2, 3; Xylotrans: α-1,6-xylosyltransferase; XXT1-5 xyloglucan xylosyl transferase 1-5 within the two-cycle window for cellulose synthase genes and genes involved in signal transduction. Therefore, it appears that there is greater variation between clones for lignin biosynthesis and cell wall structural proteins than for genes involved in signal transduction or cellulose biosynthesis.
Primer-binding and amplification efficiency
The observed differences between clones could be due to true differences in RNA levels present in the tissues or inefficient primer binding resulting from polymorphisms in primer-binding sites. The regions amplified by RT-PCR were sequenced to determine if single nucleotide polymorphisms (SNPs) in the primer-binding sites were responsible for differences in gene expression values. SNPs were observed in the primer-binding sites for several of the primers. All of the SNPs were in the middle or 5′ end of the primer sequence, except for SAM, which had a pair of SNPs at the 3′ end of the primer-binding site. When the same SNPs were present in both high-and low-expressing clones, we decided that the expression value differences were not due to the SNPs. We redesigned primers for six genes and performed qRT-PCR to determine if the SNPs were responsible for the expression differences due to improper primer binding. The gene expression values with the new primer pairs were identical with those from old primer pairs (±0.05 cycles), suggesting that the SNPs did not have much impact on primer binding. This might be due to the fact that the SNPs were mostly present toward the 5′ end of the primers. Boyle et al. (2009) have shown that SNPs present at the 5′ end of the primer do not affect the binding efficiency of the primer, and our results are in agreement with that observation. Table 3 ). Expression of the PtMYB1 gene has significant positive correlations with all of the analyzed lignin biosynthesis genes (Table 3 ), in accordance with the hypothesis by Bomal et al. (2008) that MYB1 might be involved in transcriptional activation of genes involved in the phenylpropanoid pathway. Expression of the SND1 gene showed significant positive correlations with the expression of several other transcription factors involved in wood development as well as genes encoding AGPs, enzymes involved in lignin biosynthesis, and other proteins involved in xylogenesis (Table 3) . No strong correlations were observed between the gene expression data and the geographical location of the trees in the population or the average precipitation of the counties from which the trees in the population were initially collected.
Hierarchical clustering of the gene expression profiles
Gene clustering In order to get a general description of how the expression of genes covaried, autoscaled data were The ΔΔCt of the clone with the highest expression was considered zero when constructing the barplots analyzed using a hierarchical Ward-linkage clustering with Euclidean distance as a similarity metric (Fig. 3) . All the lignin biosynthesis and laccase genes except LAC1 clustered together with a bootstrap probability (BP) value of 63%. Eight of the nine genes encoding AGPs clustered together along with seven other genes with a BP value of 62%. The BP values of the other gene clusters were usually less than 30%, suggesting the weak nature of these clusters. However, eight of the ten cellulose synthase genes analyzed as well as one cellulose synthase-like gene and one calose synthase gene clustered together. The four tubulin genes also clustered together.
Clone clustering To determine if expression patterns are different across the range of loblolly pine, autoscaled gene expression data were used to perform cluster analyses on the 400 clones in the population (Fig. 4) . The clustering analysis was done using hierarchical Wardlinkage clustering with Euclidean distance as the similarity metric. The dendrogram grouped individuals based on similar patterns of expression for the 111 genes. Most clones (50 of 55) from west of the Mississippi River (Fig. 1 , region 5) formed two distinct clusters that contained only 5 other clones. Thirteen of the 26 clones from the region along the Gulf Coast (Fig. 1 , region 4) formed a cluster, and almost half (16 of 33) of the clones from region closest to the Atlantic coast ( Fig. 1 , region 2) formed a cluster. A large number of the clones (69%) come from areas we have indicated as regions 1 and 3 (Fig. 1) . This includes the parts of Mississippi, Alabama, Georgia, South Carolina, North Carolina, and Virginia that are not close to the Gulf of Mexico or the Atlantic Ocean. We did not observe strong clustering of clones within these regions.
Inference of a GRN
Correlations between gene expression patterns can be used to infer GRNs (Ma and Chan 2008) . We employed steady-state Bayesian network inference (BANJO) of interactions between genes involved in wood development (Fig. 5) . In an inferred gene network, an interaction between genes does not necessarily imply a physical interaction. It can refer to an indirect regulation by proteins or metabolites (Bansal et al. 2007 ). If two genes are joined by an edge (arrow), it can be hypothesized that the expression pattern of these two genes is highly correlated and the expression of the source gene might affect the expression of the target gene. The edge connecting a gene encoding a transcription factor and a target nontranscription factor gene suggests the transcriptional regulation of the target by the transcription factor. The edge between MYB1 and LAC7, LAC8 and EndChi genes suggests that MYB1 transcriptionally regulates expression of these three genes. If two transcription factors are joined by an edge, then such an edge can be an indication that the two transcription factors act as coregulators of the expression of other genes or one of the two transcription factors is a transcriptional regulator of the other. The transcription factors SND1 and MOR1 may jointly regulate the target gene HSP82 or SND1 may regulate MOR1, which further regulates the expression of HSP82. The network analysis indicates that the SND1 gene may be involved in the regulation of many of the genes we analyzed. We analyzed 111 genes, which is only a fraction of the total genes involved in xylem development. Therefore, critical links in the network may be missing. Discussion Considerable natural variation exists within most forest tree species, some of which reflects adaptations to different environments (Linhart and Grant 1996) . This natural variation is the result of the interaction of multiple genes and environmental factors (Keurentjes and Sulpice 2009) . In order to understand the genetic basis and molecular mechanisms behind this naturally occurring developmental variation, genome-wide or candidate gene-based approaches can be used to identify the genes and nucleotide polymorphisms causing the observed diversity. Thus, the analysis of natural intraspecific variation helps us to discover the genes involved in plant adaptation to different environments through developmental modifications (Alonso-Blanco et al. 2005) . Genetic polymorphisms affecting plant development or adaptation may affect protein structure or gene expression. Studies investigating natural variation in gene expression have been carried out in several species including humans (Cheung et al. 2003) , yeast (Steinmetz et al. 2002) , fish (Oleksiak et al. 2002) , Arabidopsis (Vuylsteke et al. 2005) , rice (Liu et al. 2010) , and maize (Auger et al. 2005) . Cheung et al. (2003) examined the transcript levels of five genes in human lymphoblastoid cells among unrelated individuals, related individuals, and monozygotic twins. They found that the genes showed less variability in expression level in more closely related individuals; i.e., expression levels varied the least in monozygotic twins, with intermediate variability in siblings from the same family (2-5 times greater) and greatest variability in unrelated individuals (3-11 times greater). Oleksiak et al. (2002) used microarray technology to study the variation in gene expression within and between natural populations of teleost fish of the genus Fundulus and observed statistically significant differences in expression for approximately 18% of 907 genes. Liu et al. (2010) have shown that in two different rice cultivars, the expression of four phenylpropanoid pathway-related genes [C3H, CCR1, CCR10, and CHS8 (Chalcone synthase8] differs 3-to 500-fold under normal conditions and 85-to 1,150-fold during oxidative stress. We analyzed the expression profiles of 111 genes, hypothesized to be involved in xylem development, in a population of 400 loblolly pine plants. Out of these 111 genes, 106 genes showed statistically significant differences (ranging from 4.3-to 362-fold) in their gene expression among the clones. The large amounts of variation in expression we observed support the idea that expression differences may be important factors responsible for evolutionary changes.
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Variation in expression of a particular gene may be due to the environment, developmental stage, mutations in promoter or enhancer regions of the gene, or to mutations in transcription factors or other genes in the signal transduction cascade. The additive and epistatic effects of the genes can result in large numbers of individuals with phenotypes (in our case, expression levels) close to the mean, with fewer having extreme phenotypes (expression levels; Benfey and Mitchell-Olds 2008) . While in some cases, we observed very large differences between highand low-expressing clones, we did find that for over threefourths of our genes, less than 25% of the clones had expression values more than two-fold higher or lower than the population average. Growth conditions are not the primary reason for the observed gene expression differences as growth conditions were as uniform as possible. We feel that the differences in expression are primarily due to genetic polymorphisms. Since expression appears to be quantitative with a continuous distribution between the low-and high-expressing individuals, this suggests that multiple genetic polymorphisms are involved. Gene expression profiles help us identify genes with highly variable expression, but the reasons for this variation cannot be determined easily.
Natural variation in a population provides a resource to discover novel gene functions (Benfey and Mitchell-Olds 2008) . Theoretically, genes in the same expression cluster must share some common function or regulatory elements. It might be possible to hypothesize the function of an unknown gene by looking at the other genes with which it clusters (Hruschka et al. 2006) . Alternatively, the known and unknown genes may be coregulated or one could regulate the other. We used Ward's linkage hierarchical clustering algorithm to group genes according to similar expression patterns. Euclidean distance was used as a nonparametric distance function. In the analysis with our data set, the lignin biosynthetic genes and AGPs formed separate clusters with significant bootstrapping values. All laccases clustered closely together and close to the lignin biosynthesis genes, supporting studies that indicated that the activities of laccases are closely correlated with lignin deposition in developing xylem (Bao et al. 1993; Dean and Eriksson 1994) . PtMYB1, which has been hypothesized to regulate lignin biosynthesis in differentiating xylem (Patzlaff et al. 2003a) , clustered with the lignin biosynthesis genes.
The KORRIGAN (KORRI) gene encodes a plasma membrane-bound member of the endo-1,4-β-D-glucanase family and has been shown to be involved in rapid cell elongation in Arabidopsis (Nicol et al. 1998) . COBRA (COB), a regulator of oriented cell expansion (Schindelman ) and KORRI clustered together with the lignin biosynthesis genes and laccases. All CeSAs, CaSs, and Csl genes clustered together, except CeSA2, CeSA9, and CaS3, which formed a cluster with UDP-glucosyl transferase, adenolyte kinase, prxC2 (horseradish peroxidase), and transcription factor LIM1. Kaothien et al. (2002) showed that LIM1 is a transcription factor binding to a PAL-box motif of the horseradish C2 peroxidase (prxC2) promoter in tobacco plants, which is responsible for the wound-induced expression of plant peroxidase genes. The similar expression pattern of these two genes in our analysis suggests that this relationship is also true in loblolly pine. The CslA1 gene formed a cluster with MYB8 and PIN1, suggesting that it might be regulated by these two transcription factors, either directly or indirectly. Of the seven no-hit genes (genes with no significant matches in other plants but selected due to preferential expression in loblolly pine xylem; Yang et al. 2004 ) included in our project, five of them clustered together with the following genes: LP-6 (a chitinase homolog), PutAMS (a putative S-adoMet synthetase), translation initiation factor eIF-4A, and transcription factor Hap5A. One of the no-hit genes, NH-9, formed a cluster with 1,4-benzoquinone reductase (BQR), pinoresinollariciresinol reductase (PLR), phenylcoumaran benzylic ether reductase (PCBER), and β-ketoacyl-ACP synthetase I-2 (BKACPS) genes. BQR is shown to be up-regulated in cotton during the fiber initiation stage and is suggested to be involved in cell elongation and secondary cell wall synthesis (Turley and Taliercio 2008) . PCBER and PLR are involved in the biosynthesis of important phenylpropanoid-derived plant defense compounds, and PCBER is considered to be the progenitor of PLR (Gang et al. 1999) . These correlations and the inferred network analyses described below help us to interpret the function of the no-hit genes. The no-hit genes may have functions similar to or be coregulated with the genes with which they cluster. Although these predictions are not certain, they at least provide a point from which one can start to interpret the function of these genes.
Continuous distribution across large geographical expanses makes the identification of genetic clusters difficult or inappropriate for species such as loblolly pine. However, based on the results from principal component analyses (PCAs; Jolliffe 2002) and STRUCTURE (Pritchard et al. 2000; Falush et al. 2003) , a program for detecting population structure, Eckert et al. (2009) ,have shown that patterns of population structure for loblolly pine do exist in natural populations. PCA of SNP and SSR marker data revealed the presence of seven significant PCs defining eight genetic clusters, of which three were clearly differentiated clusters. The remaining five significant clusters lacked a strong geographical basis. One of the strong clusters is separated from the other two by the Mississippi River Valley, with a further division of the eastern cluster into Gulf and Atlantic Coast clusters. The clusters from the gene expression analyses are in partial agreement with the results of the population structure analyses. Of the 55 clones from the region west of the Mississippi River, 50 of them formed a distinct cluster, in agreement with the results of Eckert et al. (2009) . However, we did not find that most clones from the regions east of the Mississippi River Valley formed clusters resembling those determined by PCA.
Using BANJO, we inferred a gene network from our expression data. The inferred network supported the previous assumptions of genes with known functions involved in certain metabolic pathways. This inferred gene network might also help to shed some light on the regulatory interactions among genes and identify genes that regulate each other. Zhong et al. (2007) have shown that simultaneous RNA interference (RNAi) inhibition of both the Secondary wall-associated NAC domain protein 1 (SND1) and NAC secondary wall-thickening promoter factor 1 (NST1) genes results in loss of secondary wall formation in fibers of Arabidopsis stems and also downregulation of several fiber-associated transcription factor genes. Overexpression of SND1 activates the expression of secondary wall biosynthetic genes and results in ectopic secondary wall deposition (Zhong et al. 2006) . Expression of several transcription factors, including MYB85, KNAT4 (a Knotted1-like homeodomain protein), and KNAT7, are regulated by SND1 (Zhong et al. 2006 (Zhong et al. , 2007 . Secondary wall defects were observed in Arabidopsis plants with repressed expression of MYB85 and KNAT7 (Zhong et al. 2008) . PtMYB8 is a close homolog of the Arabidopsis MYB61 whose overexpression could cause ectopic lignin deposition (Zhong and Ye 2009) . Our inferred gene network has edges between SND1 and NST1, KNAT7, MOR1, PtMYB8, MYB85, XET2, and lignin biosynthetic genes. This inferred network is in accordance with the results of Zhong et al. (2006) , suggesting that SND1 is indeed a master transcriptional switch activating the developmental program of secondary wall biosynthesis in gymnosperms as well as angiosperms. Zhong and Ye (2009) have shown that the biosynthesis of other secondary wall components, including cellulose and xylan, are under the control of the same transcriptional network as lignin. Our analyses indicate that regulation of secondary cell wall synthesis in pines is similar to that in Arabidopsis. As pointed out by Zhong and Ye (2009) , identification of these transcription factors may provide tools valuable for manipulating wood properties.
PtMYB1, PtMYB2, and PtMYB4 are preferentially expressed in developing xylem tissues (Patzlaff et al. 2003a, b) . These MYBs bind AC elements and activate transcription from lignin biosynthetic gene promoters in plant cells (Patzlaff et al. 2003a, b) . Our inferred gene network shows edges connecting MYB1 with PAL, Endo chitinase, COMT, and most of the laccases, supporting the previous observations by Patzlaff et al. (2003a, b) and Bao et al. (1993) . In Arabidopsis, KORRI and CTL1, a chitinase-like gene implicated in cellulose deposition during primary cell wall formation, were highly correlated with the primary cell wall cellulose complex (Persson et al. 2005) . In the inferred gene network, KORRI is connected to Endchi (P. taeda homolog of CTL1) through PAL and PtMYB1. KORRI is connected to the lignin biosynthetic genes in the inferred network, suggesting that it might be coordinately regulated along with those genes. We analyzed only a fraction of the total genes involved in xylem development, and therefore, critical links in the network are likely missing. Incorporation of more genes into the analyses will help us better understand the loblolly pine xylem GRN.
Conclusion
Due to loblolly pine being a native species with most of the natural variation still intact, we were able to analyze gene expression in a large number of individuals from across the natural range and found considerable variation in expression of xylem-related genes. This leads us to believe that further investigations into the role that regulatory variation plays during adaptive evolution are warranted. The amount of variation for some genes was somewhat surprising to us as was the difference in variation between different classes of genes. This variation allowed us to determine how gene expression values are correlated and to start development of a regulatory network that will help us determine genes, such as SND1, that are key regulators of xylogenesis in loblolly pine. In the future, we hope that with the help of association mapping, we can identify molecular markers associated with expression phenotypes and that they will aid in marker-assisted selection and breeding practices.
Materials and methods
Plant material
A population of loblolly pine-rooted cuttings was created at North Carolina State University from 600 independent seed lots obtained from the three southern pine breeding cooperatives (Murthy and Goldfarb 2001; Rowe et al. 2002; LeBude et al. 2004) . It is composed of more than 500 loblolly pine clones (unique genotypes) that represent most of the natural range of loblolly pine and has no mating design (Fig. 1) . Three rooted cuttings from each of 475 clones were transplanted into pots, all containing the same potting mixture and were grown for four additional months (April-August 2006) in a common greenhouse environment with evaporative cooling in College Station, TX. Conditions were as uniform as possible, although there could be small differences in light or temperature in different parts of the greenhouse, and there may be variability between bags of potting mixture. The stems, needles, and roots were collected from each plant, frozen in liquid nitrogen, and stored at −80°C.
RNA extraction and cDNA synthesis Total RNA was extracted from the stems of two ramets (biological replicates) of each clone using the method of Chang et al. (1993) , except for an additional chloroform extraction. Residual DNA was removed using DNA-free (Ambion Inc., Austin, TX). The first-strand cDNAs for each sample were synthesized using 5 μg of total RNA, random hexamers, and a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA), following the manufacturer's recommendations.
Gene selection
Genes shown or hypothesized to be involved in xylem development were selected for the expression studies. Genes were selected based on reviews of the current literature and prior research in our laboratory. The selected genes include those involved in cell wall formation, lignin biosynthesis, transcription factors, and genes of unknown function that are preferentially expressed in loblolly pine xylem tissue. The genes selected and reasons for selecting particular genes are given in the supplemental material.
Primer design and testing the efficiency of amplification Putative orthologs of the selected genes were identified in loblolly pine using the NCBI EST database and BLAST (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi; Altschul et al. 1990 ) and the loblolly EST database at the University of Georgia (http://fungen.org/Projects/Pine/Pine.htm). Contigs were assembled from these EST sequences, and genespecific primers were designed for qRT-PCR using Primer Express (Applied Biosystems). The primers used for qRT-PCR are listed in Supplemental Table 2 . The primers were tested on a panel of 12 clones to see if there were significant differences in expression among the clones, and melting curve analyses were performed to check if the primers were amplifying a single product.
A template titration assay was done using a dilution series of cDNA templates (1,000, 250, 62.5, 15.625, and 3.90 ng) and two control samples: a no template control (NTC) and a no reverse transcriptase control (−RT). The slope can be affected by template quality, pipetting errors, etc. β-Actin was also run on the same plate to normalize the expression data. All lignin genes were evaluated in the standard curve trials to ensure that they gave efficient amplification, and the efficiency of amplification was calculated from a plot of ΔCt versus the template concentration.
Melting curve analyses were done to ensure product specificity and to differentiate between the true product and primer dimers. Four primer pairs gave more than one peak. These primers were discarded, and new primers were designed and tested. These redesigned primer pairs gave single peaks, suggesting the amplification of one product. All the valid primer sets had a slope of approximately −3.3 and a correlation coefficient (R 2 -value) >0.95 for the standard curve. These standard curve analyses provided evidence for the efficiency of the amplification reactions.
Relative gene expression analysis
Transcript levels of the genes of interest were determined using qRT-PCR. The technical variability of the PCR reaction was standardized by inclusion of a template normalization step using stably expressed reference genes, 18 S rRNA and β-actin. An NTC and a−RT control were included on some plates. Amplification of the NTC sample indicates the presence of primer-dimer formed during the reaction. The−RT sample is included to confirm the absence of genomic amplification. Samples were run in duplicate on each plate using SYBR-Green PCR Master Mix (Applied Biosystems) on a GeneAmp 7900HT Sequence Detection System (Applied Biosystems), following the manufacturer's recommendations. Real-time RT-PCR was performed in an 8-μl reaction containing 2.5 μl ddH 2 O, 4 μl SYBR-Green PCR Master Mix, 0.5 μl forward primer (1 mM), 0.5 μl reverse primer (1 mM), and 0.5 μl of template cDNA (10 ng/μl). The PCR conditions were 2 min of preincubation at 50°C, 10 min of predenaturation at 95°C, and 40 cycles of 15 s at 95°C and 1 min at 60°C, followed by steps for dissociation curve generation (15 s at 95°C, 15 s at 60°C, and 15 s at 95°C).
Analysis of the qRT-PCR data
Relative transcript levels for each sample were obtained using the "relative standard curve method" (see User Bulletin #20 ABI PRISM 7900 Sequence Detection System for details) and were normalized to the transcript level of 18 S rRNA or β-actin of each sample to get ΔCt values. The clone with the closest expression values for all the genes between the ramets was selected as a calibrator, and SDS 2.3 software (Applied Biosystems) was used to collect the ΔΔCt values of all the genes for all the clones. The selective amplification of individual gene family members was judged based on dissociation curves. These experiments were conducted for 111 genes ×400 clones ×2 ramets/clone ×2 reps/ ramet. A paired t-test and an analysis of variance (ANOVA), using a p-value of 0.01, were used on normalized and calibrated transcript levels to test for variation in gene expression among clones.
Sequencing of primer-binding sites
In order to rule out low primer-binding efficiency as a factor responsible for low expression, new primers were designed for most genes outside of the initial set of primers used for qRT-PCR, and PCR was performed in low-and high-expressing clones. These PCR transcripts were sequenced to check for the presence of SNPs in the primer-binding sites. If SNPs were seen only in the primer-binding sites of clones with low expression, then qRT-PCR was performed using a different set of primers to check if SNPs affected primer-binding efficiency and expression values.
Correlations and clustering analyses
The gene expression data (ΔΔCt values) was autoscaled as described in Stahlberg et al. (2008) so that the average expression of each gene in all clones is zero and its standard deviation is one. This allows equal weights to all genes in clustering analyses. Pearson correlation in SPSS was used to determine if there were correlations between pairs of genes based on their ΔΔCt values. We applied Ward's linkage hierarchical clustering algorithm (Ward 1963 ) to group genes according to similar expression patterns using Euclidean distances. Clone clustering was also done using Ward's linkage hierarchical clustering algorithm. We used bootstrapping (10,000 replicates) to obtain estimates for the reliability of the groupings using the pvclust (Suzuki and Shimodaira 2006) 
Gene network inference
Bayesian Network inference with Java Objects (BAN-JO, http://www.cs.duke.edu/~amink/software/banjo/) was used to infer a gene network from the expression data. BANJO can infer gene networks from gene expression data (Hartemink 2005; Yu et al. 2004) . Results for BANJO were obtained using the default parameters at the MARIMBA Web site (http://marimba. hegroup.org/index.php). The gene expression data were changed from continuous to discrete using their q3 discretization function.
